The sea level records at the nine island stations located in the western and central equatorial Pacific sbow trends for the period 1974-1975 to 1981 which are wen hindcasted by tbe linear numerical model of Busalacchi and O' Brien forced by the observed ship winds. The spatial pattern of these trends sugesu that the western equatorial Pacific was 10sil1& Water while the central equatorial Pacific was gaining water. These trends appear to be due to the significant weakening of the near-equatorial easterly trades in tbe central Pacific which took place throughout the period [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] . The trend reversal observed in Im-1978 in sea level at tbe island stations located south of the equator (Rabaul and Honiara) appear to be due to a similar trend reversal in the strength of the large-scale southeast trades.
in sea level observed in the western North Pacific over the period . A similar situation might occur in other areas of the ocean, for example, in the northeastern Pacific [Chelton and Davis, 1982] . Barnett [1983] recently investigated long-term changes in dynamic height of selected regions of the upper ocean to determine whether changes in dynamic height can account for the apparent rise in sea level observed along the continental margins of the WOf"ld's oceans.
The objective of this study is to use a linear numerical model forced by the observed ship winds in examining long-term trends (with time scales of several years to a decade) which appear in sea level records at island stations in the western and central equatorial Pacific. Sea level records from a network of stations in the equatorial Pacific became available in [1974] [1975] . Therefore we focus our attention on the period 1974-1975 to 1981 , a period prior to the 1982-1983 EI Nino, which is usually referred to as the strongest of this century [e.g., Cane, 1983] . Sea level records from several selected island stations in the western and central equatorial Pacific will be presented with an emphasis on long-term trends. A comparison will be made between the observed sea level and the model upper layer thickness. The relationship between the observed trends in sea level and changes in the wind field in the central equatorial Pacific will be explored.
I. INTRODUCTION
Sea level records can provide useful information on oceanic processes. This is troe especially in the equatorial Pacific, where a large climatic event known as El Nino manifests itself quite prominently in sea level records [e.g., Wyrtki, 1979b Wyrtki, , 1984 Meyers, I982J . An association between EI Nino and the interannual variations in the near-equatorial easterly trades has been recognized [e.g., Hurlburr et al., 1976; McCreary, 1976J , and a close relationship between sea level variations and fluctuations in winds in the tropical Pacific has been demonstrated [e.g., Barnett, 1977 . Recent attempts to simulate observed interannual variability in sea level using a linear numerical model forced by observed ship winds [Busalacchi and O'Brien, 1981; Busalacchi et al., 1983; Busalacchi and Cane, I985J were successful owing to the dominance of the wind-forced response in the equatorial Pacific. These modeling efforts followed the initial attempt by Busalacchi and O' Brien [1980J, who modeled seasonal variability of the thermocline in the tropical Pacific.
These previous studies focused on ftuctuations in sea level with time scales of a few months to a year. However, quite often sea level records show some long-term secular variability which manifests itself as quasi-linear trends in a time series [e.g., Chelton and Davis, 1982J . Recent studies have identified distinct patterns in sea level records [e.g., Barnett, 1984J . Trends in sea level indicate either actual changes in the water level or changes in the level of the reference mark relative to a geoid [e.g., Chelton and Erifield, I986J. Often a falling trend observed in sea level has been attributed to an uplift of the land mass [e.g., Hicks and Shofnos, I965J, or [Wyrtki, 1979a] . Figure 1 shows the locations of the nine island stations used in this study, each of which has nearly continuous daily sea level data available since [1974] [1975] . These island stations were chosen because they were well within the model domain and could provide a nearly continuous sea level record.
The linear numerical model of O'Brien [1980, 1981] Goldenberg and O'Brien [1981] for more details).
The model had been forced by the observed ship winds for the period since January 1961. Interannual variability in the model equatorial Pacific for the period 1961-1978 has been discussed previously [Busalacchi and O'Brien, 1981; Busalacchi et al., 1983] . These previous studies included a comparison between the model upper layer thickness and the observed sea level at selected island stations (e.g., Galapagos, Trok, and Canton). Recently, we have extended the interannual calculations through December 1984 as morc wind data became available. In secti' '1 3, the model upper layer thickness (ULT) covering the period 1973-1983 will be presented and compared with the observed sea level data at the island stations.
It must be stressed that this conversion factor can be adjusted by changing the initial upper layer thickness.
The spatial distribution of the island stations and the trends indicated in Figure 2 indicate a consistent pattern of the trends. Stations in the western Pacific (in this study, these refer to stations west of the date line) all show negative trends with larger trends found toward the west. This is true for both sea level and ULT. Malakal shows a larger trend than Kwajalein, for example. On the other hand, Fanning and Christmas, the two stations in the central Pacific, show positive trends. The relation between the transports of the North Equatorial Countercurrent (NECC) and the sea level difference between Christmas and K wajalein has been demonstrated previously [Wyrtki, 1973] . Hence the observed trends in sea level suggest that there was a corresponding negative trend in the transports of the NECC during this period. Compared to these stations located north of the equator, which show quite regular trends throughout the period 1974-1975 to 1981 , a closer examination of sea level and UL T at the stations located south of the equator (Rabaul and Honiara) rcveals two distinct periods (see Figure 3) . Thc first three years (covering the period 1975-1977, which includes the 1976 EI Nino event) shows a negative trend, whereas the following four years (1978) (1979) (1980) (1981) show a positive trend. These trends at Rabaul and Honiara mjght represent part of a long-term fluctuation with time scales of several years to a decade. Figure 4 shows the geographical distribution of linear trends (least square fit of a straight line) in ULT for the period [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] . Minimum values are located in the western Pacific, increasing toward the east. According to the model hindcast presented in Figure 4 , the western equatorial Pacific was gradually losing water throughout the 8-year period, while the eastern half of the basin, except near the eastern boundary, was gaining water. The zero line runs more or less in the north-south direction near the date line. An area of minimum is located near the western boundary near ~-11~.
Another local minimum can be found south of the equator in the western Pacific near ~S and 16()OE. A ridge of maximum is located near 5°N and 160oW-13O"W. Another ridge of maximum is also found south of the equator in the central Pacific, along the southern boundary. It is evident that the trends indicated in the sea level data shown in Figure 2 appear to be in good agreement with the spatial pattern shown in Figure 4 . The spatial pattern in Figure 4 resembles somewhat the spatial pattern of an east-west oscillation which characterizes the most dominant part not only of the annual but also of the interannual variability in sea level [Wenzel, 1984] . It has been established that these east-west oscillations are closely related to the changes in the strengths of the near-equatorial trade winds [e.g., Wyrtki, 1979b Wyrtki, , 1984 Barnett, 1981] . However, the spatial pattern shown in Figure 4 might be characterized as mainly a central and western Pacific phenomenon, for the eastern end of the basin shows no notable trends. These observations suggest that the observed trends in sea level might have 1974-1975 to 1981 in both variables at all the stations. A least squares regression of a straight line is fit to the sea level as well as to the UL T for the period extending from the beginning of the sea level record to the end of 1981. The 95% confidence intervals indicated in Figure 2 suggest the significance of the computed trends. It is apparent that sea level and ULT at each station show a similar trend; i.e., a trend toward lower sea level corresponds to a trend toward thinner upper layer, and a trend toward higher sea level corresponds to a trend toward thicker upper layer. This observation I suggests that the trends in sea level are mainly due to the corresponding trends in the thermocline displacement, the dynamics of which are simulated in the model, i.e., the observed trends in sea level are due to wind-forced oceanic response and not due to a gradual shift in the sea level reference mark. In a reduced gravity model, corresponding sea level variations (~1/) due to variations in the model UL T (M) can be estimated by~p Figure 5 shows zonally averaged zonal wind pseudostress at four different latitudes for the period 1973-1983. The band (2° wide) at JON is located within the northeast trades, just south of the axis of the speed maximum of the northeast trades for the annual mean field presented by Wyrtki and Meyers [1975] . Dominant annual variations in the strength of the northeast 'trades are evident at JON, in agreement with a finding noted previously [e.g., Goldenberg and O'Brien, 1981] . Three other bands centered at 3~, 3°S, and 70S are located in an area where interannual variability becomes quite notable, as can be seen in Figure 5 . Figure 5 also shows least squares fit to the zonal wind pseudostress for the period 1974-1981. Positive trends in the easterly trades are evident, especially at 3~ and 7°N, the bands north of the equator.
The meridional structure of the trends in zonal wind pseudostress for the period 1974-1981 is shown in Figure 6 . This figure covers the total meridional range of the original monthly surface wind data. Positive trends (weakening of the easterly component) are found between 16~ and 80S with the maximum located between I~-JON. North and south of this region, negative trends (strengthening of the easterly component) are indicated, in agreement with the previous findings of Legler and O'Brien [1983] that since mid-1970s easterly trades in the western Pacific have been gaining strengths. South of 24°S, positive trends reappear. Significant weakening of easterly trades appears to be confined to the near-equatorial region. Detailed examination of various zonal averaging of zonal wind pseudostress (not presented here) indicates that significant positive trends in the easterlies were mainly occurring between 1600E and 160OW. Sea level at the island stations in the western and central equatorial Pacific appears to have responded accordingly.
In the near-equatorial region, under steady state, zonal pressure gradient is nearly balanced by zonal wind stress [e.g., Charney, 1960] . Away from the equator, the wind stress curl becomes more important than the zonal wind stress. For the time scales under consideration (very low frequency motions), we assume the applicability of the Sverdrup relation [Sverdrup, 1947] , which can be written for a reduced gravity model as (3) been in response to the wind changes occurring mainly in the western and/or central equatorial Pacific.
There are other sea level stations in the western and central equatorial Pacific which are not presented here. The sea level records at Tarawa (l~, 173°E) and Canton (3°S, 172~ have extensive data gaps. The records at Jarvis (OOS, l~ and Funafuti (~S, 17~E) are available only since late 1977. The sea level record at Nauru (lOS, 16TE) is characterized by large spikes, which appears to be due to the shape of the harbor where the tide gauge is located [Wyrtki, 1983] . It is noted, however, that the sea level records at these stations (not presented here) appear to indicate trends which are consistent with the results shown here.
ZoNAL WINDS IN THE CENTRAL PACIFIC
In order to discuss variations in the strength of the trade wind field, the zonal wind pseudostress (i.e., 1"" = UW, where U is zonal wind and W is the magnitude of the horizontal wind speed) is averaged over a zonal band between 16()OE and 1400W. The zonal component of the wind stress i$ considered first because it has been shown to be more important than the meridional component in forcing low-frequency motion in the equatorial ocean [e.g., McCreary, 1976] . We chose this zonal averaging because we were looking for wind changes which could have caused the observed trends in sea level in the western and central equatorial Pacific. It is noted here that the central Pacific is the region where previous studies [e.g., Hickey, 1975; Goldenberg and O'Brien, 1981] have identified the strongest interannual variability in wind field.
where h is the model upper layerthickness.fis the Coriolis parameter. .B is related to f by f = .BY. T is the wind stress. and r is the zonal wind stress.
Noting that (4) zonal band IfHE-14OOW. and the contributions from curl 'T and r. It is easily seen in Figure 7 that near the equator. r contribution dominates. while outside the near-equatorial regin (more than5°-~ away from the equator) contribution from curl 'T becomes more important. Referring to Figure 7 . it appears that the relaxation of the easterlies in the near-equatorial region and the concurrent strengthening of the easterlies in the main trade wind zones gave rise to the observed trends in the wind stress curl contribution in h which has peaks near lOON and 15OS. Closer examination of the wind data (details are not presented here) confirms that this is indeed the case. Hence even outside the near-equatorial region. the trends in the zonal wind stress indirectly caused the trends in h by contributing to the trends in wind stress curl. r -p"C oUW where Pa is the density of air and Co is the drag coefficient, and using c = 2.45 m S-I, CD = 1.5 X 10-3, Pa = 1.2 kg m-3, and P = loJ kg m-3 and integrating zonally each of the two terms on the right hand side of (3), one can estimate contributions from curl T and ~. This was done for zonal band between 16O"E and 14OOW, and the results are presented in Figure 7 , which shows trend in h occurring over the associated with the 1982-1983 EI Nino appear more prominently in the southern bands (located at 3°S and rS). To the north of the equator, the 1982-1983 EI Nino left a distinct but weaker signal at 3~ but not further to the north (at rN) (see Figure 5 ).
The tWo southern bands (located at 3°S and ~S) in Figure  5 require closer examination. Although positive trends do exist at these bands for the entire 8-year period, the wind records could be broken into two 4-year pieces, each of which is characterized by distinct trends (see Figure 8) . The first 4 years saw significant positive trends, and the following 4 years saw negative (but less significant) trends. These observations are consistent with the trends observed in sea level at Rabaul and Honiara (see Figure 3) . Similar trend reversal is observed in the zonal wind at other latitudes south of the equator (results are not presented here). The observed trend reversal in the zonal wind stress which occurred in 1977-1978 appears to be a reflection of a similar trend reversaLin the Southern Oscillation index (shown in Figure 9 ), which is an indicator of the strength of the large-scale southeast trades. This trend reversal in the zonal wind south of the equator might be related to the recovery of the southeast trades after the 1976 EI Nilio event.
It is worth noting that the changes in the zonal wind stress
CONCLUSIONS AND DISCUSSIONS
The results presented here illustrate the feasibility of using a linear numerical model forced by the observed ship winds to study long-term trends in sea level records. We were able to analyze and explain successfully (at least qualitatively) the observed long-term trends in the sea level records from the island stations in the western and central equatorial Pacific for the period 1974-1975 to 1981 . Because of the distinct trends observed in the zonal wind stress during the period .1 in the central equatorial Pacific, the observed trends in sea level and in model upper layer thickness were quite evident. It is interesting to note here that the site of the observed weakening near-equatorial easterlies corresponds to the weD-recognized site for usual EI Nino-related wind changes. The only notable difference is the time scale involved. The observed trends in this study took place over a period of several years, while the relaxation of the easterlies associated with a usual EI Nino is much quicker (in time scales of a few months to a year).
Inferring from the recent studies [Rebert et al., 1985; Pazan et al., 1986] , which showed good correlations between sea level and dynamic height (surface dynamic height relative to 400 dbar) in the tropical Pacific, it would be interesting to determine whether one can observe similar trends in dynamic height field. Whether the observed trends in the easterly trades and sea level in the western and central equatorial Pacific had any significance in leading up to the onset of the 1982-1983 EI Nmo remains to be investigated. The observed trend reversal in the zonal wind stress south of the equator in 1977-1978 appears to be related to a similar trend reversal in the strength of the l~e-scale southeast trades in the south Pacific as measured by the Southern Oscillation index. How these observed trends in the nearequatorial surface wind field are related to larger-scale variability in the atmosphere is an important question which is beyond the scope of this study and awaits further investigation. A similar approach based on a numerical model forced by observed winds could be useful in other parts of the ocean to investigate long-term secular variability often observed in sea level records. These long-term trends are of great interest, since these could be related to similar longterm variability in other major climate variables (e.g., sea surface temperature, precipitation, etc.) often noted in the tropics [e.g., Quinn and Neal, 1983] .
Although this study is concerned with the trends in the western and central equatorial Pacific, the model hindcast that there were no apparent trends expected at the eastern end of the equatorial Pacific deserves further comments. Examination of the observed sea level records from the three stations in the eastern Pacific (figures are not included here), namely Galapagos Island, La Libertad, and Callao, produced inconclusive results. Despite the data gaps in the record, the sea level record at Galapagos Island does not appear to indicate any significant trend for the period 1974-1981. (It should be noted that the pre-I978 record comes from Baltra Island, while the post-I978 record comes from Santa Cruz.) The record from La Libertad (2°S, 810W) shows a significant positive trend (approximately 1.7 cm yr-l) for the same period. The record from Callao (IZOS, 77°W), which is located just outside the model domain, does not appear to show any significant trend. It should be noted, however, that there was a strong earthquake in Lima in October 1974, which caused an abrupt change of sea level at Callao (K. Wyrtki, personal communication, 1986) . On the basis of these observations no definite statement can be made about the trend in sea level in the eastern Pacific, and further investigation into this question needs to be carried out.
